[1] A one-dimensional magnetohydrodynamic solar wind model is constructed to describe the behavior of the halo electrons in the fast electron-proton solar wind, assuming that the electrons are composed of two populations: the core and halo. The halo component is separated from the core electrons by increasing the heat deposition. It is shown that the model including only Coulomb collisions yields a much faster halo drift than observed if the halo temperature is in agreement with measured values. This supports the previous argument that some anomalous frictional processes caused by microinstabilities and/or wave-particle interactions exist in the solar wind. We show that these anomalous frictional processes can be approximated by enhanced Coulomb collisions together with a heat deposition that has a very large damping length. We find that beyond a certain heliocentric distance, say 20 R S , the anomalous frictional forces acting on the halo population are more important than the electric field force and the Coulomb collisional forces and become the dominant factor inhibiting the core-halo drift. 
Introduction
[2] The electron velocity distribution function (VDF) observed in the fast solar wind can be approximated by two displaced Maxwellians with different temperatures and densities, i.e., a thermal dense core and a suprathermal dilute halo [e.g., Feldman et al., 1975 Feldman et al., , 1978 Pilipp et al., 1987] . All the current theoretical models explaining the electron VDFs are based on the kinetic theory and can be classified into two categories: (1) the exospheric models which neglect the collisions completely beyond the socalled exobase [Jockers, 1970; Perkins, 1973] , and (2) the kinetic models which include the effect of collisions [e.g., Ogilvie and Scudder, 1978; Olbert, 1979a, 1979b; Lie-Svendsen et al., 1997 . According to these studies, it is quite clear that the core component corresponds to the electrons which are trapped in the electrostatic potential well, whereas the halo component is composed of electrons energetic enough to escape this potential. The exospheric models have predicted faster core-proton drift velocities and stronger thermal anisotropies than the observed values due to the assumption of a static core component and the complete negligence of collisions [Montgomery, 1972; Feldman et al., 1975; Pilipp et al., 1987] . Some recently developed kinetic models use a test particle approach with the assumption of a static background [Lie-Svendsen et al., 1997 . Incorporating different Coulomb collision operators in solving the Fokker-Planck equation these models are capable of describing the observed pitch angle distribution of the halo electrons at different kinetic energies. Anomalous transport processes have not been taken into account in current solar wind models, neither in kinetic nor in fluid models.
[3] Another group of studies which are closely related to the solar wind electron VDFs concentrate on the associated microinstabilities and wave-particle interactions. It has been shown that the heat flux due to the nonzero drift between the two electron populations, which represents the free energy in the solar wind, can drive several plasma microinstabilities [Schwartz, 1980; Marsch, 1991; Gary et al., 1994, and references therein] . Enhanced fluctuations and wave-particle interactions will cause anomalous transport phenomena which redistribute the momentum and energy among different species. These studies give the instability threshold conditions expressed by solar wind parameters, e.g., the core-halo drift speed. Once the varying solar wind parameters go beyond the threshold values, instabilities will happen and thus inhibit the growth of these parameters [e.g., Gary and Feldman, 1977; Gary et al., 1994] . However, most of these studies are based on the linear Vlasov theory which can only describe the initial state of the instabilities but cannot account for the total effect of the instabilities on the solar wind bulk fluid. Current observations are unable to determine whether the frictional processes are Coulomb collisions only or are a combination of Coulomb collisions and wave-particle interactions [Pilipp et al., 1987] . Therefore a self-consistent anomalous transport theory does not exist currently. Because of the success of the fluid description in simulating the major solar wind particles, the minor ions as well as the fact that the solar wind electrons can be approximated by two Maxwellians, we treat the solar wind electrons as two separate fluids using a fluid model. We examine the role that the anomalous transport phenomena play in shaping the observed non-Maxwellian feature of the electron VDFs. In section 2 of this article we describe our theoretical model and the observations needed to constrain the model, the third section presents the numerical results while the conclusions, and discussion including the limitations of the current model are given in the last section.
Theoretical Model and Observational Constraints
[4] Our main assumptions are listed as follows: (1) The solar wind is composed of protons and electrons, and the electrons are represented by two separate fluid components with different number densities, temperatures, and velocities. (2) For simplicity, the thermal anisotropies of the three fluid components, the effects of the rotation of the Sun, and the radiative energy loss are neglected. (3) To close the fluid equations, we made assumptions about the electron heat flux density. Due to the nonthermal feature of the electron VDF the heat flux density is critical to their energetics. The conductive heat flux model determined by the temperature gradient is reasonable in the collisional solar wind while generally invalid in the collisionless solar wind [e.g., Scime et al., 1994; Olsen and Leer, 1996] . It is important for the energetics of the core electrons while marginal to the energy balance of the halo electrons due to their dilute and isothermal features (see the last paragraph of this section for a summary of related measurements). To get enough thermal energy through the thermalization of the heat flux so as to obtain the observed hot halo electrons, the conductive heat flux in our study is complemented by the heat flux given by the commonly used exponential function [e.g., Withbroe, 1988] . The divergence of the exponential heat flux density, i.e., the heating rate, is used in our study. Through adjusting the parameters of the heating rates, a halo temperature in agreement with the measurement can be achieved. We argue that this agreement with the measurement is more important than the detailed format of the electron heat flux density used since we are mainly concerned about the dynamics of the suprathermal halo electrons. (4) The protons are driven by Alfvén waves which transfer their energy to the protons via a Kolmogorov cascade process and cyclotron resonance [Hollweg, 1986] . Although this mechanism is currently controversial, it leads to reasonable proton parameters in the fast solar wind. In this model the protons play a secondary role, which are important only due to the collisional coupling with electrons. The present paper does not address which mechanism is responsible for the proton parameters. We focus on the high-speed solar wind because it is more uniform, persistent, and easier to simulate.
[5] In the following text the subscript h denotes the halo electrons, c denotes the core electrons, and p denotes the protons. The charge neutrality and zero current conditions are assumed so that we have:
where n i and v i (i = c, h, and p) represent the number density and velocity of species i, respectively. The time-dependent mass, momentum and energy conservation equations for the fluids are written as follows:
where T i denotes the temperature; p i = n i k B T i is the thermal pressure; p w is the Alfvén wave pressure; and e, G, M s , m e , m p , k B , and g are the charge of protons, the gravitational constant, the mass of the sun, the mass of electrons, the mass of protons, the Boltzman constant, and the adiabatic index (g = 5/3), respectively. E is the electric field, which is derived by assuming @v c @t = 0 in the momentum equation of the core electrons, and is written as follows:
The factor (1 + a) in front of the Coulomb collision terms implies that the Coulomb collisional interaction between the halo electrons and other species might be enhanced artificially if a > 0. The details of a used in this article will be given in section 3. The Coulomb collision frequencies K ij between species i and j can be written as
where the Coulomb logarithm is taken to be ln Ã = 23.
[6] The flow tube geometry proposed by Kopp and Holzer [1976] is adopted. The cross-section area of the flow tube a is then given by
where f m , s, and r 1 are the parameters of the flow tube. They are fixed to be f m = 2, s = 0.51 R S , and r 1 = 1.31 R S .
[7] As mentioned above, the electron heat flux density is assumed to be the summation of the conductive heat flux density [Spitzer, 1962] with:
and the exponential heat flux density. The corresponding heating rates for the core and halo electrons are taken to be
where i = c, h, and Q i0 and s i are the adjustable parameters, R S is the solar radius, respectively. In this study the heating parameters for the core component are fixed at Q c0 = 2 Â 10 À13 erg s À1 and s c = 0.2 R S , Q h0 is set to be equal to Q c0 while s h serves as one of the most important free parameters to produce the expected halo properties.
[8] The protons in this model are driven by the dissipation of Alfvén waves via a Kolmogorov cascade process [Hollweg, 1986] which can transfer energy from lowfrequency Alfvén waves to high-frequency cyclotron waves. The transfered energy is then absorbed entirely by protons through the cyclotron resonance. The Kolmogorov dissipation rate is expressed by
where hdv 2 i is the velocity variance associated with the wave field, and L c is the correlation length of the fluctuations given by L c = L c0 (B c /B) 1/2 (B and B c are the magnetic field strength at r and 1R S , respectively, and L c0 is set to be 1.0 Â 10 5 km). To calculate the acceleration and heating rates by Alfvén waves, the following wave energy conservation equation is solved,
where v A = B(4pn p m p ) À1/2 is the Alfvén speed.
[9] The equations (3) - (9) and (16) are solved simultaneously by a full-implicit numerical scheme [Hu et al., 1997] . A nonuniform mesh with N = 1200 grid points is laid out from 1 R S to 1.2 AU. The grid spacing increases monotonically from 1 Â 10 À4 R S at the base to 0.86 R S at 100 R S in terms of a geometric series of common ratio 1.00875. Beyond 100 R S it is set to 1.0 R S . The boundary conditions at the coronal base are specified as follows: n p0 = 2.0 Â 10 8 cm À3 , n h0 /n p0 = 12%, T p0 = T c0 = T h0 = 4. Â 10 5 K, B 0 = 1.6 f m G, and p w0 = 1.65 Â 10 À3 dyn cm À2 that is equivalent to a wave amplitude hdv 2 i 1/2 = 30 km s
À1
. The maximum relative errors for the conserved quantities are less than 10 À3 .
[10] The related measurements at 1 AU in the fast solar wind can be summarized as follows: (1) the halo component is about 4% of the total electrons, (2) the relative drift speed between the core and halo electrons is about 2000 km s À1 , (3) the halo temperature is between 0.6 and 1 MK while the core temperature is around 0.1 MK, [Feldman et al., 1978; Pilipp et al., 1987; Phillips et al., 1995] , (4) the halo electrons are almost isothermal while the core temperature varies in a range from isothermal to adiabatic [Ogilvie and Scudder, 1978; Phillips et al., 1995] , and (5) in the halo energy regime the electron number flowing away from the Sun is much more than that toward the Sun; this feature has been named as strahl [Rosenbauer et al., 1976 [Rosenbauer et al., , 1977 Pilipp et al., 1987] .
Numerical Results
[11] The boundary conditions are fixed at the values given above except that the halo number density in case B (see below) will be adjusted so that a reasonable halo number density can be obtained at 1 AU. Besides the halo number density at the base, the other parameters that will be adjusted throughout this section are the damping length s h of the heating function Q h and a, the factor in front of the Coulomb collision terms. The parameter adjustments result in three solutions referred to as A, B, and C, respectively.
[12] The first case A corresponds to the typical two-fluid high-speed solar wind solution without the presence of a halo population. To get this solution, a is set to be 0, the heating parameters for the halo population are set to be equal to their counterparts for the core component, i.e., Q h0 = Q c0 = 2 Â 10 À13 erg s
À1
, and s h = s c = 0.2 R S . The number density, velocity, and temperature of the three fluids are plotted in Figures 1a, 1b, and 1c , respectively. The halocore parameter ratios are also plotted in Figure 1d to show the properties of the solution which are not easy to discern through the direct plotting of the radial profiles, especially for the other two cases to be discussed below. Also shown in Figure 1 are some remote-sensing observations which put constraints on the fast solar wind solution near the sun. The limits on the electron densities given by Fisher and Guhathakurta [1995] , Koutchmy [1977] , and Wilhelm et al. [1998] are shown in Figure 1a as error bars, diamonds, and squares, respectively. The error bars [Fisher and Guhathakurta, 1995] and diamonds [Koutchmy, 1977] in Figure 1b represent the proton velocities derived from the above densities assuming constant mass flux. The proton velocities derived from Lya Doppler dimming [Cranmer et al., 1999] are shown as triangles. The measurements of the electron temperature from Wilhelm et al. [1998] are shown as squares in Figure 1c . The triangles in Figure 1c represent the effective proton temperatures derived by Kohl et al. [1997] which are taken to be the upper limits of the temperatures. As far as the parameters at 1 AU are concerned, the present solution yields the following values: n p = 2.48 cm
4 K, T p = 2.23 Â 10 5 K, which are the well-known typical high-speed solar wind conditions [Bame et al., 1975; Villante and Vellante, 1982; Schwenn, 1991] . It can be seen that this solution as well as the other two solutions to be presented are basically consistent with the above observational limits both near the sun and at 1 AU. This solution is presented mainly for the purpose of comparison with the other solutions.
[13] In the following the parameters s h and a will be adjusted in order to separate the halo population from the core fluid. First of all, we consider the situation including only the Coulomb collisions, i.e., a = 0. To get a solution for the halo population that has an electron temperature in the observed range, we need to increase the heating rate Q h . The heating rate is enhanced by increasing the damping length beyond a certain distance, say r h , from 0.2 R S the value in case A to 100 R S here. Below r h the heating parameters for the halo fluid are the same as what we use for the core component. Due to the strong coupling near the Sun, if we increase the heat addition to the halo electrons from the coronal base, a considerable fraction of the enhanced energy deposition will be transferred to the core electrons and protons through the Coulomb coupling. We therefore choose r h = 20 R S well outside the region where the electrons are collisionally dominated. As will be seen below, the halo velocity is much faster than observed; therefore we have to set a large halo-proton density ratio at the base, say 30% instead of 12% used in case A, so that a reasonable halo-core density ratio at 1 AU can be yielded. With the above parameter adjustements, case B is obtained and shown in Figure 2 in the same format as in Figure 1 . The halo-proton density ratio is about 3%, and the halo-core temperature ratio is about 5, which are basically in agreement with the observations. However, the halo-core drift speed at 1 AU reaches about 8 Â 10 3 km s
, which is much larger than the observed value. Since we are using a per-particle heating deposition, the change of the halo-core density ratio at the base has only small impacts on the radial profiles of the velocities and temperatures. Therefore the faster than observed halo-core drift is unavoidable no matter what halo abundance we set at the base, which can also be seen from the following force-balance analysis.
[14] From Figure 3a , which shows the magnitudes of the forces acting on the core fluid, it can be seen that the competition of forces for the core electrons is between the electric field force which decelerates the electrons and the thermal pressure gradient force which accelerates the electrons. In case of the halo electrons (Figure 3b) , the thermal pressure gradient force is greatly increased due to the higher temperature while the electric field force is almost unchanged and the Coulomb collisional forces are negligible. The solid, short-dashed, dot-dashed, and triple-dot-dashed lines represent the magnitudes of the inertial term, the thermal pressure gradient force, the electric field force, and the sum of the Coulomb collisional forces, respectively. The gravitational force (long-dashed) of the electrons is negligible but is still plotted for completeness. Therefore the only possibility for the halo population to achieve the force balance is to raise the inertial term, i.e., to raise the halo velocity. An estimate of the order of the halo drift in the collisionless solar wind plasma is given in Appendix A, which is consistent with the current calculation. Nevertheless, this solution can still explain some of the observed features, such as the presence of the two-temperature distribution and the strahl population (see the following paragraph for this point). This case tells us that the reasonable halo drift and thus the reasonable electron VDFs could not be obtained if only the Coulomb collisions are considered.
[15] The extremely large halo-core drift corresponding to the strong skewness of the electron VDFs can drive several microinstabilities [Marsch, 1991; Gary et al., 1994 , and references therein], which implies the presence of anomalous transport processes. Due to the current lack of knowledge of these processes, we use the following approach to approximate the anomalous transport processes: (1) we set a as follows,
where v hp = v h À v p represents the halo-proton drift, and (2) we increase s h to 1000 R S . The values of the above two parameters result from our parameter study aiming at reproducing the observations. The radial profiles of a is plotted in Figure 5 . To decelerate the halo population to the observed speed the Coulomb collisional frequencies have to be mulitiplied by a factor of 2 at about 10 R S and a factor of 30 at 100 R S , this is shown in Figure 5 where we have plotted a (equation (17)). Similar rates that the Coulomb collisional frequencies between electrons are increased was also used by Oslen and Leer [1996] in their eight-moment approximation solar wind model to reduce the modeled heat flux density to the observed value. Due to the stronger collisions more energy is deposited into the halo electrons in order to produce a reasonable halo temperature while more energy is now transfered to the core electrons and protons. Please note that the halo-proton density ratio at the base has been set back to 12% so that the observed haloproton density ratio can be yielded. The solution thus obtained is shown in Figure 4 in the same format as in Figures 1 and 2 . It can be seen from Figure 4 that the haloproton density ratio is about 0.04 and the halo-core drift is about 2200 km s À1 at 1 AU. The halo fluid is almost isothermal with a temperature in the value of about 0.7 MK between 10 R S to 1 AU, while the core temperature decreases monotonically beyond 1.1 R S . These halo parameters as well as the parameters for the core electrons and the protons at 1 AU are basically in agreement with the observations mentioned in section 2. To compare our numerical result directly with the measured electron VDFs in the fast solar wind, we calculate the predicted core and halo electron VDFs as well as their sum in a frame of reference at rest with the core fluid in the parallel direction. The distribution functions for this case are shown in Figure 6a , which are calculated by integrating the following equations over the perpendicular direction in the velocity space,
Figure 4. Same as Figure 2 but for case C. where w i = 2k B T i m e 1 2 and v k and v ? denote the particle speeds along and perpendicular to the magnetic field, respectively. The unit of the Y-axis of Figure 6 is the maximum of the total electron distribution function in the parallel direction. For comparison, the electron VDFs corresponding to case B are also presented in Figure 6b . The total electron VDF plotted in Figure 6a conforms to the observed shape quite well while that in Figure 6b is much more skewed than observed [Pilipp et al., 1987] . Figure 7 presents the pitch angle distributions of the electron VDFs in relative units (the maximum of the VDFs at the corresponding particle energy) for case C at four different electron kinetic energies: 50 ev (solid), 100 ev (dashed), 300 ev (dot-dashed), and 600 ev (dotted). The pitch angle q satisfies tanq = v ? v k Á q with zero degrees represents a particle motion along the magnetic field away from the Sun. The strong thermal anisotropy inherent in the solar wind electrons beyond a certain energy level is quite prominent from Figures 6 and 7. Compare the numbers of electrons flowing away from the Sun and to the Sun at the kinetic energy 300eV (1.03 Â 10 4 km s À1 ) for case C, we find that about 100 times more electrons flow away from the Sun than toward it which is of the same order as the ratio given by Pilipp et al. [1987] . As seen from Figure 7 the pitch angle distribution of the strahl electrons above 100 ev predicted by case C is broader than observed by Pilipp et al. We will return to this point in the last section of this paper.
[16] The forces acting on the core and halo populations in this case are shown in Figure 8 . According to Figure 8a , like case B, the core population achieves force balance between the electric field force and the thermal pressure gradient force. This is again not the case for the halo population. From Figure 8b , beyond about 4 R S , the electric field force is not strong enough to compete with the thermal pressure gradient force. Instead, the anomalous frictional force rises and traces the thermal pressure gradient force. The anomalous frictional force is 4 times the electric field force and about 30 times the Coulomb collision forces at 100 R S . This means that the anomalous transport phenomena are the most The pitch angle of zero degrees corresponds to a particle motion directed along the magnetic field away from the Sun. Figure 8 . Same as Figure 3 but for case C.
important factor that inhibits the relative drift between the core and the halo electrons and are therefore crucial to the shape of the electron VDFs.
Conclusions and Discussion
[17] This paper presents a three fluid electron-proton fast solar wind model treating the electrons as two separate fluid populations: core and halo. The halo component is separated from the core fluid by more heat deposition to the halo than to the core electrons. It is shown that if only Coulomb collisions are included in the model some of the observed features can be reproduced, such as the two-temperature property and the presence of the strahl population; however, a reasonable core-halo drift can not be achieved. This point is consistent with the results given by previous kinetic models. The reason is that the Coulomb frictional forces and the electric field force together are still far from enough to counteract the acceleration by the thermal pressure gradient force if the halo temperature is consistent with the measurements. This implies the presence of strong anomalous frictional coupling between the halo electrons and other components in the fast solar wind as suggested by some authors [see, e.g., Feldman, 1976a [see, e.g., Feldman, , 1976b [see, e.g., Feldman, , 1979 Pilipp et al., 1987] . In order to reduce the halo drift speed to the observed value, the Coulomb frictions between the halo and other solar wind components are enhanced artificially to approximate the anomalous frictional coupling. We show that beyond a certain distance, say, 20 R S , the frictional forces caused by the anomalous transport phenomena become more important than the electric field force as well as the Coulomb collision forces and become the dominant factor which inhibits the skewness of the electron VDFs.
[18] The presence of the halo (strahl) component in the fast solar wind is the natural result due to the rapid decrease of the collision frequencies between electrons themselves and protons. This non-Maxwellian feature of the electron VDFs gives rise to a nonzero heat flux. In the core-halo fluid description of the solar wind electrons, the thermalization of the heat flux determines the heating rates of the electrons and produces hot halo population. The resultant strong pressure gradient force which transfers energy from thermal to kinetic is responsible for the fast core-halo drift in the high-speed solar wind. On the other hand, the heat flux may lead to microinstabilities causing anomalous transport phenomena. The anomalous transport phenomena can then constrain the core-halo drift and inhibit the heat flux. Our two-fluid description of the solar wind electrons sheds new light on the roles of the anomalous transport phenomena in the formation of the observed non-Maxwellian electron VDFs. This study might also be useful to future studies on the improvement of the kinetic models which should consider the effects of anomalous transport phenomena.
[19] Similar to the electron VDFs in the high-speed flow, those in the low-speed wind can also be approximated by the superposition of the core and halo Maxwellian components [e.g., Feldman et al., 1975] . The main difference is that only a small if not zero core-halo drift is detected in the slow wind case. Studies on the slow wind carried out using this model show that although the Coulomb collisions are relatively stronger than in the fast solar wind, the anomalous transport processes are still the dominant factor beyond about 30 R S in producing the slow halo-core drift.
[20] In the text we have shown that the angular width of the modeled pitch angle distribution of the strahl electrons is larger than observed. The discrepancy can be reduced by introducing thermal anisotropies of the core and halo fluids. According to Feldman et al. [1978] and Pilipp et al. [1987] , the ratio between parallel and perpendicular halo temperatures is less than 2.5, while the core electrons are nearly isotropic. The introduction of such anisotropy of the halo electrons will not change the main conclusion of this paper. Owing to the strong limitations of the fluid model, some details of the electron VDFs could not be explained. For instance, the depletion of the electron VDFs at the pitch angle 90°as reported by Gosling et al. [2001 Gosling et al. [ , 2002 . These details are also rather important to our understanding of the origin of the in situ electron VDFs and the solar wind driving mechanisms. To interpret these observations, a kinetic approach is necessary.
[21] We are mainly concerned about the electron VDFs far away from the Sun in this article; we therefore have increased the damping length of the halo heating function beyond 20 R S . However, another also important problem is the shape of the electron VDFs near the Sun, which is crucial to the interpretation of minor ion charge states [see, e.g., Esser and Edgar, 2000; Chen et al., 2003] . However, results given by the kinetic theories are not assertive [LieSvendsen et al., 1997; Pierrard et al., 1999] and there are no observations on the electron VDFs inside 0.3 AU. Close to the Sun where the ion charge states form and the electrons are strongly collisionally dominated a full kinetic approach should be taken.
Appendix A
[22] In this appendix we give an estimate of the order of the halo velocity at 1 AU in a collisionless high-speed solar wind plasma beyong 10 R S . The solar wind is assumed to be collisionless; the electron gravity is also neglected. According to equations (5) and (10) In addition, we assume the following solar wind conditions through 10 R S to 1 AU:
T c ¼ 1 Â 10 6 r À0:43 ; T h ¼ 7 Â 10 5 ;
where r, T c,h are in units of solar radius and K, respectively. The additional subscripts 1 and 2 represent the value of parameters at 10 R S and 1 AU, respectively. Substitute these parameters into equation (A1) and integrate this equation from 10 R S to 1 AU, after simple calculation we get v h2 > 9750 km s
À1
, which is consistent with our calculation for the case considering only the Coulomb collisions.
